Three experiments investigated how the onset asynchrony and ear of presentation of a single mistuned frequency component influence its contribution to the pitch of an otherwise harmonic complex tone. Subjects matched the pitch of the target complex by adjusting the pitch of a second similar but strictly periodic complex tone. When the mistuned component (the 4th harmonic of a 155 Hz fundamental) started 160 ms or more before the remaining harmonics but stopped simultaneously with them, it made a reduced contribution to the pitch of the complex. It made no contribution if it started more than 300 ms before. Pitch shifts and their reduction with onset time were larger for short (90 ms) sounds than for long (410 ms). Pitch shifts were slightly larger when the mistuned component was presented to the same ear as the remaining 11 in-tune harmonics than to the opposite ear. Adding a "captor" complex tone with a fundamental of 200 Hz and a missing 3rd harmonic to the contralateral ear did not augment the effect of onset time, even though the captor was synchronous with the mistuned harmonic, the mistuned component was equal in frequency to the missing 3rd harmonic of the captor complex tone and it was played to the same ear as the captor. The results show that a difference in onset time can prevent a resolved frequency component from contributing to the pitch of a complex tone even though it is present throughout that complex tone.
INTRODUCTION
It is generally accepted that the pitch of a complex tone depends largely on the frequencies of the lower, resolved harmonics (Houtsma and Goldstein, 1972 ). Yet although the pitch of complexes which are close to a single harmonic series has been extensively studied (de Boer, 1976) and quantitatively modeled both stochastically (Goldstein, 1973; Gerson and Goldstein, 1978; Houtsma, 1978) and deterministically (Terhardt, 1974; Terhardt et al., 1982a) , less attention has been paid to the more complex, but naturally common case where more than one harmonic series is present at a time. When two instruments (or voices) are sounding different pitches simultaneously, which partials contribute to which pitch?
The problem is not confined to pitch perception, but is a general one for hearing. The sound that enters the ear is usually a mixture from multiple sound sources; yet our perceptual experience is of separate sound sources, each with (usually) appropriate pitch and timbre. How do perceptual mechanisms produce this percept, rather than say one which consists of a single source with some average pitch and timbre?
One type of solution invokes "primitive grouping mechanisms" (Bregman, 1990 ) which can link together on the basis of simple properties components that may have originated from a common sound source. For example, components that start at the same time are more likely to be from a common sound source than are ones that start at different times, so common onset time provides a plausible primitive grouping principle. Frequencies that are not linked into a particular group then make either no or a reduced contribution to the subsequent computation of attributes of that group such as timbre (Bregman and Pinker, 1978 ; Danncnbring and Darwin, 1984b) or pitch.
In pitch perception grouping of frequency components may be necessary when the pitches of multiple complex sounds are being calculated. For example, Goldstein's model attempts to fit a single harmonic series to a list of resolved frequencies. If more than one harmonic series is in fact present, then application of the model to this composite list would produce a harmonic series that is the best fit to all the components that are present. The resulting :pitch would be inappropriate and would be unlikely to correspond to any of the periodic sounds present. The model's output only makes sense if the lis[ of frequencies to which the harmonic series is fitted only contains frequencies that have come from a single source. What criteria could be used to produce an appropriate grouping of frequency components into multiple harmonic series?
A component whose frequency is implausibly remote from the relevant harmonic frequency of a particular fundamental should not contribute to pitch. A 'harmonic sieve' (Duifhuis et al., 1982) can be constructed to filter out remote components, passing only those that lie within some tolerance of a particular harmonic series. The sieve can be adapted to estimate multiple pitches (Scheffers, 1983) with different sieve spacings independently estimating which harmonics are relevant to a particular fundamental.
The sieve"s tolerance has been estimated 'by Moore et al. (1985) . They measured the pitch shift produced by mistuning a single harmonic of a 12-tone harmonic complex with a fundamental of 200 Hz. Overall their data showed that pitch shifts were a roughly linear function of the frequency shift in the mistuned harmonic when this mistuning was less than about 3%. But thereafter the pitch shift diminished, approaching zero at about 8% mistuning for a 410-ms complex tone. This pattern of results is compatible with the concept of the harmonic sieve, so that the contribution that a particular harmonic makes to the pitch calculation is gradually reduced as the harmonic is mistuned beyond 3%. It is also broadly compatible with Terhardt's virtual pitch model (Terhardt etal., 1982a ) which explicitly reduces the weight ofa mistuned component in the calculation of virtual pitch.
Apart from an implausible frequency, there are other properties of a component that the auditory system might use to discount it from the calculation of pitch. One property which has been explicitly investigated is ear of presentation. Beerends and Houtsma (1989) asked their subjects to identify the musical pitch of two 2-harmonic complex tones. When the four components were grouped appropriately by ear, 54% of both notes were correctly identified (chance was 10%). When each ear received one harmonic from each fundamental, identification dropped by only 8%. In order to account for their experimental data within the framework of Goldstein's theory (Goldstein, 1973) , these authors had to provide it with additional information on the appropriate pairing of the partials across the ears.
The experiments reported here extend Beerends and Houtsma's observations using the pitch matching paradigm used by Moore et al. We ask whether a mistuned harmonic presented contralaterally to the remaining partials shifts the pitch of a complex less than does one presented ipsilaterally. However, the main thrust of the paper concerns onset asynchrony.
Onset asynehrony is a powerful cue for auditory grouping both in the formation of sequential auditory streams and in the simultaneous organization of nonspeech and vowel timbre (Bregman and Pinker, 1978; Dannenbring and Bregman, 1978; Darwin, 1984a,b; Darwin and Sutherland, 1984 Bregman and Pinker (1978) alternated a pure tone with a 2-tone complex and asked subjects to judge the richness of the latter's timbre. If the higher component of the 2-tone complex started (and stopped) 30 ms earlier or later than the other tone in the complex, the complex was judged less rich in timbre. In some conditions asynchrony also increased the tendency for the higher tone to be pulled out of the complex, and group with the alternated pure tone to form a sequential 2-tone stream. Subsequently, Dannenbring and Bregman (1978) , using 3-tone complexes alternating with a pure tone at one of the component frequencies, demonstrated that asynchrony only influences sequential grouping when the relevant component of the complex starts before, or stops after the rest of the complex. An asynchronous component that starts after or stops before the rest of the complex is no more likely to form part of a separate sequential stream than is a synchronous one.
Onset asynchrony has a similar influence on vowel perception. Ifa harmonic of a vowel close in frequency to that of the first formant starts around 30 ms earlier than the rest of the vowel, the perceived first formant frequency is changed. The change is similar to that produced by the physical removal of the harmonic (Darwin, 1984b Moore et al. (1985) for measuring the contribution that a single mistuned component makes to the pitch of a complex tone. Listeners adjust the period of a harmonic complex to match that of a similar complex in which one of the components is mistuned. We vary the onset asynchrony of the mistuned fourth harmonic of a 12-harmonic, 155-Hz fundamental complex tone. If onset asynehrony causes the mistuned component to be removed from the calculation of pitch, we should find that the pitch of the complex varies less when an asynchronous than when a synchronous component is mistuned.
A. General method
On each trial a subject heard two complex tones separated by 500 ms of silence and adjusted the pitch of the second to match the pitch of the first. The first (target) complex tone could contain a partial that was shifted in frequency from its harmonic value. The fundamental frequency of the second (adjustable) complex tone, which was strictly har- Subjects were encouraged to "bracket" the match several times before making the final adjustment, and had as long as they wished to perform the task. If the fundamental was adjusted outside the permitted range (155 + 4 Hz), it was reset to a random value within the range and a warning sound played. The permitted range was sufficient to allow practised subjects largely uninterrupted matching, while preventing naive subjects from getting lost. Each target sound was matched 5 times in a quasirandom order in an experimental block that varied the degree of mistuning of a single partial. Each block took around 1 h to complete (with rest breaks) and the order of experimental blocks was partly randomized across subjects. The mistuned component could often be heard out, particularly when it started before the main complex. Subjects were instructed to match the pitch of the complex, not that of the separate tone.
Sounds were synthesized in real time at 44. l kHz using custom software ( 
I. EXPERIMENT 1
The fist experiment establishes whether a single mistuned component that starts earlier than the rest of a complex tone makes less of a contribution to its pitch than one that is simultaneous. Apart from onset asynchrony, we also vary two other parameters: ear and overall duration. In varying ear, we ask whether a mistuned component presented contralaterally to the remaining components makes less of a contribution than one presented ipsilaterally. The results of Beerends and Houtsma (1989) lead us to expect that any effect of ear of presentation should be small. We also vary the overall duration of the complexes since Moore (1987) Six subjects participated in the experiment: four college or university students, who were paid for their services, and the two authors. All had normal pure tone thresholds (within 15 dB HL) in each ear around the stimulus frequencies used in the experiment. Four subjects were musically trained.
B. Results
Average matched pitch shifts and their standard errors across five replications are shown in Fig. 2 for individual subjects for the 90-ms complex with the simultaneous mistuned component presented ipsilaterally. This subset of the individual data illustrates the within-and between-subject variability. The data are plotted about a zero point that is the average pitch match by that subject for the in-tune component; individual matching biases are therefore ignored. For one subject (CE) the estimated baseline is rather high, probably as a result of chance variation across the ten replications. Generally the baseline is close to the average pitch of corresponding upward and downward mistunings.
Various analyses of variance were performed on the "mean pitch shift" for each condiiton. This score, following Figure 10 shows the relevant pitch shifts for both positive and negative mistuings; if anything the shifts tend overall to be rather larger when the captor is present than when it is absent even though the captor and the mistuned component share a common asyncrony. These comparisons thus provide no evidence for capture by the "captor" complex man, 1990, p. 12). Bregman ( 1990, pp. 696--697 ) discusses this principle in the context of"duplex perception" of speech (Rand, 1974; Liberman et al., 1981) . He proposes that primitive auditory scene analysis mechanisms which link parts of the sensory evidence on the basis of grouping principles (here onset time and ear) may link the same evidence into different groups. Sharing evidence between simultaneous sounds is permitted because sounds from different objects add together (unlike visual objects which generally obscure each other); sound, in Bregman's terminology, is always "transparent."
The view that the same sensory evidence may participate in more than one auditory group fits well with our results. Ear and onset time both determine the strength of the contribution that the mistuned component makes to the pitch of the target They influence the strength of its links to the other harmonics of that complex tone. But the ß strength of these links is not influenced by the presence of another complex tone to which the mistuned harmonic can also be linked.
IV. GENERAL DISCUSSION
Our data have clearly demonstrated that the pitch of a complex sound depends crucially on the time at which its component frequencies start. For a component to contribute to the pitch of a complex, it is not sufficient for it to be present during that complex, it must also have started less than 300 ms before it. Components that start more than 300 ms before a complex do not contribute to its pitch. Our result complements the finding by Hall and Peters ( 1981 ) that in a noise background the component tones need not be present at the same time in order for subjects to hear a pitch at the fundamental frequency. Taken together these two experiments show that having frequency components present at the same time is neither a necessary nor a sufficient condition for listeners to hear a pitch near the fundamental frequency.
The result that onset asynchrony can preclude a component from contributing to the pitch of a complex has an important implication for models of pitch perception. Models must take account of the temporal history of the individual components in a complex sound. It is an experimental question (which we will pursue in a subsequent paper) whether this history is sufficiently captured implicitly by peripheral mechanisms such as adaptation in the auditory nerve response (Smith, 1979) , or whether more central, explicit grouping by onset time is necessary. Adaptation could provide an explanation for our onsettime effect according to a pitch model such as that proposed by Meddis and Hewitt ( 1991 ) . In their model an autocorrelation function is computed on the spike-train output of each of a bank of auditory filters; these functions are then pooled across frequency channels and the position of the main peak in the "summary correlogram" determines pitch. For a complex sound in which one component starts before the rest, adaptation will reduce the spike count in the frequency channel tuned to the leading component and so reduce the contribution of that component to the summary correlogram. The Meddis and Hewitt model can in principle also handle the experimental data that we have explained by the harmonic sieve: a slightly mistuned component will slightly displace the peak in the summary eorrelogram, whereas a sufficiently mistuned component will give rise to a separate peak, leaving the frequency of the main peak unaffected. Although the Meddis and Hewit. t model can handle these two aspects of the data qualitatively, it remains to be seen whether it can provide an appropriate quantitative fit.
An adaptation explanation does not naturally fit with models which take into account the frequency of a resolved component but ignore its amplitude (Goldstein, 1973 ; Terhardt et al., 1982b). Some arbitrary relationship would have to be established between the weight that a component bears in the pitch calculation and the extent of adaptation.
If subsequent experiments demonstrate that explicit grouping mechanisms are necessary, it would be relatively easy to take account of such explicit grouping by modifying central mechanisms of pitch perception that identify individual frequency components (Goldstein, 1973; Terhardt et al., 1982b) . The weight given to a particular component in determining the computed pitch could be reduced as a result of it being groupd separately from the remaining components.
The time course of our onset-time effect in pitch perception is markedly slower than that reported previously in vowel perception where an onset time of 30 ms is sufficient to perceptually remove a harmonic from the computation of the first formant frequency of a vowel (Darwin, 1984b ; Roberts and Moore, 1990 ). This effect is unlikely to be due entirely to adaption (Darwin and Sutherland, 1984) . It is possible that the grouping imposed by onset-time differences is interpreted differently by different subsequent perceptual mechanisms. If grouping takes the form of links of variable strength between elements, then different subsequent perceptual mechanisms could have different thresholds for these link strengths. Pitch may be particularly tolerant of onset-time differences since in the sounds of natural instruments the component harmonics may start many tens of milliseconds apart (Risset and Wessel, 1982) .
Our onset-time result has implications for algorithms that attempt to separate simultaneous periodic sounds such as voices (Parsons, 1976; Weintraub, 1987 ; Stubbs and Summerfield, 1988; Stubbs and Summerfield, 1990; Meddis and Hewitt, 1992). One of the major difficulties that such algorithms face is to obtain reliable pitch estimates from two simultaneous complex sounds. Grouping frequency components by onset time is likely to improve performance on pitch extraction. Indeed promising results using such a strategy have already been obtained (Zhao and Denbigh, 1990 ; Denbigh and Zhao, 1991 ).
Our data on the effect of ear of presentation extend to a different paradigm the conclusion of Beerends and Houtsma (1989) that, though present, the effect is small. Grouping by common ear (or location) appears to exert only a weak effect, at least compared with onset time.
